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Abstract

Development of effective neuroprotective drugs for Alzheimer's disease (AD) is a formidable
challenge because this disease is multifactorial and heterogeneous. Although AD is characterized
histopathologically by the presence of numerous amyloid-£ plaques and neurofibrillary degeneration
of abnormally hyperphosphorylated tau in the brain, these two hallmark lesions do not exist in any
fixed proportion in this disease. Furthermore, in the brains of some normal aged individuals, there
are as many amyloid-£ plaques seen as in typical cases of AD. On the other hand, extensive
neurofibrillary degeneration of abnormally hyperphosphorylated tau and dementia but in the absence
of amyloid-g plagues occur in several related neurodegenerative disorders called tauopathies. More
than one molecular mechanism has been described for the development of amyloid-S as well as
neurofibrillary degeneration of abnormally hyperphosphorylated tau. Thus, AD apparently results
from several different etiopathogenic mechanisms and offers numerous rational therapeutic targets.
We have discovered that there are at least five different subgroups of AD, and future studies are
likely to identify additional subgroups. The employment of these subgroups of AD in clinical trials
can markedly increase the success in developing specific and potent therapeutic drugs.
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INTRODUCTION

Alzheimer's disease (AD) was described approximately one hundred years ago, yet, to date,
there is no effective, long-term treatment available for this major cause of dementia of the
middle to old age individuals. Discoveries of amyloid-f (Af) as the major component of plaque
and cerebrovascular amyloids in 1984 [10,11] and abnormally hyperphosphorylated tau as the
major protein subunit of paired helical filaments (PHF)/neurofibrillary tangles in 1986 [13,
14] generated enormous excitement in the field and laid down the foundations for the studies
on mechanisms of AD and related disorders. During the last ~25 years, an impressive amount
of progress has been made in understanding the mechanisms of -amyloidosis and
neurofibrillary degeneration of abnormally hyperphosphorylated tau, the two hallmark
neurobiological abnormalities of AD. Appropriately, for the last several years a large number
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of labs, both in the pharmaceutical industry and in academia, have been working hard to develop
the first generation of rational neuroprotective drugs for AD. However, given the multifactorial
nature and comorbidity, AD presents some formidable challenges when it comes to
development of rational therapeutic treatments of this disease.

In this article, we discuss the complexities involved in the development of neuroprotective/
disease modifying drugs and the need for stratification of AD patients into identifiable
subgroups for clinical trials.

POLYETIOLOGY AND HETEROGENEITY OF AD

AD is characterized by relatively slow chronic but progressive neurodegeneration and loss of
cognition. The disease is both multifactorial and heterogeneous and, thus, offers a large number
of rational therapeutic targets.

In less than 1% of the cases, AD cosegregates with certain mutations in amyloid-£ protein
precursor (ASPP), presenilin-1, and presenilin-2 [4]. Over 99% of AD cases are not associated
with any known mutations and the nature of the etiological agents is not yet understood, but
might involve metabolic and signal transduction abnormalities [19]. These different etiological
factors apparently lead to some common pathogenic events and vicious cycles that ultimately
produce cerebral neurodegeneration associated with plaques and tangles and the dementia
syndrome.

Age is the single largest risk factor for AD. The second known major risk factor for late onset
AD is the presence of APOE, allele; the presence of one and two copies of APOE, increases
the risk for AD by ~3.5-fold and ~10-fold, respectively [27].

Neither of the two histopathological brain lesions of AD, Ag plaques and neurofibrillary tangles
of abnormally hyperphosphorylated tau, are unique to AD. Some normal aged individuals have
as many Ap plaques as in a typical case of AD. In addition to AD, the neurofibrillary changes
of abnormally hyperphosphorylated tau, but without Ag plaques, are seen in several related
tauopathies which include frontotemporal dementia with Parkinsonism linked to chromosome
17 (FTDP-17), corticobasal degeneration, Pick disease, supranuclear palsy, dementia
pugilistica, and Guam Parkinsonism dementia complex, among several other
neurodegenerative disorders. While AD is characterized by the presence of both Ag plaques
and neurofibrillary tangles of abnormally hyperphosphorylated tau, there is no fixed proportion
in the number of these two lesions from AD case to case. AD can be neocortical type that occurs
relatively early, i.e., at around age 60, or limbic type which peaks at around age 80—90, or
plaque predominant type occurring predominantly in the tenth decade of life [25,26]. This
heterogeneity in the proportion of these two hallmark lesions in AD brain might be due to the
involvement of different upstream etiopathogenic mechanisms.

Plague amyloid in AD brain contains a heterogeneous mixture of various fragments of Ag, i.e.,
1-40,1-42,1-39, 1-43, x-40, x-42, etc. [24]. Increase in A levels and consequently Aj load
can result from both higher amyloidogenic processing of ASPP as well as decrease in turnover
of Ag, for instance, by decrease in insulin degrading enzyme and or neprolysin activity [21,
28].

The abnormally hyperphosphorylated tau which makes PHF/neurofibrillary tangles in AD
brain is phosphorylated at over 30 sites [16]. Both proline directed and non-proline directed
sites are involved in this abnormal hyperphosphorylation of tau [17]. The AD type abnormal
hyperphosphorylation of tau, which results in its self-assembly into bundles of PHF, can be
achieved with different combinations of tau protein kinases, suggesting that more than one
different etiopathogenic mechanism could be involved in leading to neurofibrillary
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degeneration [30]. Thus, the multifactorial nature of AD, while offering a large number of
rational therapeutic targets, also suggests that any specific therapeutic drug might benefit only
a subgroup of patients. Identification of various subgroups of AD can substantially facilitate
the development of therapeutic drugs.

Subgroups of AD

We postulate: 1) that different signal transduction and metabolic factors through different
disease mechanisms apparently lead to the same two common disease characteristic lesions,
neurofibrillary degeneration of abnormally hyperphosphorylated tau and p-amyloidosis (Fig.
1); and 2) that identification of different AD subgroups which probably represent different
etiopathogenic mechanisms will improve the accuracy of the diagnosis as well as serve as a
useful outcome measure for the development of effective neuroprotective drugs.

Because of clinical heterogeneity, the diagnosis of AD remains probable until postmortem
histopathological examination and is made primarily by exclusion of other causes of dementia
[23]. AD histopathology shows considerable qualitative and quantitative heterogeneity. AD
can be neocortical type, limbic type and plague-dominant type, and it may present with
numerous neurofibrillary tangles exclusively confined to the hippocampus and entorhinal
cortex [26]. The two most common confounding diagnoses are cerebral vascular disease (multi-
infarct dementia) and dementia with Lewy bodies. Increased rates of ventricular volume and
whole brain atrophy have been demonstrated in AD [29]. The whole brain atrophy in AD brain
results in a loss of brain mass of as much as ~2—3% per year compared with ~0.4—0.5% in
age-matched control subjects [20].

There is growing evidence that cerebrospinal fluid (CSF) reflects the state of protein
metabolism in the brain. A number of animal and human studies have suggested that AB;_4,
levels in CSF reflect the AS pathology in the brain. Reduction of Af1-_49 and AB1—42 in the
brain of adult rats treated orally with y-secretase inhibitors have been found to result in
decreased levels of Ag in both brain and CSF [2,8]. An inverse relation between in vivo amyloid
load and CSF levels of AB1—_4 has been found in humans [9]. Antemortem CSF levels of
Ap1-49, total tau and phosphotau-Thry31 have been reported to reflect the histopathological
changes observed postmortem in the brains of AD cases [3,7]. The CSF levels of tau have been
shown to be markedly increased in patients with diffuse axonal injury in head trauma which
revert on clinical improvement [31].

Development of therapeutic drugs requires our ability to accurately diagnose the disease and
its specific subtypes, as well as the availability of specific outcome measures. We postulate
that more than one disease mechanism and signaling pathway are involved in producing the
AD pathology, especially the neurofibrillary degeneration of abnormally hyperphosphorylated
tau, and that various subgroups of AD can be identified based on the CSF levels of proteins
associated with senile (neuritic) plaques and neurofibrillary tangles. Towards testing this
hypothesis, we immunoassayed the levels of tau, ubiquitin and AB1—_4 in retrospectively
collected lumbar CSFs of 468 patients clinically diagnosed as AD (353 CSFs) and as hon-AD
neurological and non-neurological cases (115 CSFs) and, based on the level of these molecular
markers, all subjects were subjected to the latent profile analysis to determine the assignment
of each subject to a particular cluster [18]. We found that AD subdivides into at least five
subgroups based on the CSF levels of AB1_4, tau and ubiquitin, and that each subgroup
presented a different clinical profile (Fig. 2). Furthermore, we found strong associations
between these patterns of biomarkers and other observed characteristics related to AD and its
symptomatic manifestations. Subgroups AELO, ATEO, HARO and ATURO accounted for
approximately 50%, 22%, 5% and 1%, respectively, of the AD cases studied. Subgroup
LEBALO, which contained a majority of AD cases with Lewy bodies, accounted for ~19% of
the AD cases. These findings suggested the use of CSF biomarkers to discriminate AD with
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Lewy bodies from AD. The accuracy of the clinical diagnosis of AD mixed with vascular
dementia is relatively low. Thus, identification of this subgroup of AD based on CSF levels of
Ap1-4, tau, and ubiquitin will require studies where postmortem histopathological diagnosis
confirmation is available.

To classify diagnosed AD cases into the proposed subgroups, we sought a simple set of rules
using the level of only one indicator protein at any stage in the classification process. Ideally,
it would classify cases with a sensitivity and a specificity of no less than 90% of each category
and a comparable overall level of correct classification. The algorithm must unambiguously
categorize all cases. A decision tree based on the algorithm was derived based on examination
of cluster characteristics and experimental runs that came closest to fulfilling those criteria (see
Fig. 3). The respective sensitivities (ability to detect a true positive case) and specificities
(ability to detect a true negative case) were: AELO —90%, 92%; ATEO — 90%, 95%; LEBALO
—88%, 99%; HARO — 100% 99%; and ATURO - 100%, 100%. This study demonstrated that
CSF levels of AB1—49, tau and ubiquitin could diagnose AD in five different subgroups at
sensitivities and specificities of greater than 88% and, overall, 86% of cases were classified
correctly. This rate of diagnostic accuracy not only is superior to using one of these markers
individually or in combination of twos, but also exceeds the biomarker criteria of the Consensus
Report [1]. Furthermore, assay of phospholipase-2 activity, a well known inflammatory key
enzyme, in 141 of the above AD and 34 control CSFs showed no differences between the five
subgroups, which validates the specificity of the identified subgroups [5].

Our recent studies have revealed that more than one signaling pathway is involved in
neurofibrillary degeneration. We have found that tau can be abnormally hyperphosphorylated
to self-assemble into bundles of paired helical filaments with more than one combination of
protein kinases and that this phosphorylation of tau can be regulated by protein phosphatases
(PP), especially PP-2A [30]. Thus, it is likely that, in future, additional subgroups of AD may
be identified from phosphorylation patterns of CSF tau of AD patients.

The CSF analysis not only helps identify a specific AD subgroup of a patient but also can serve
as the outcome measure of a drug treatment. We discovered that memantine inhibited abnormal
hyperphosphorylation of tau in rat hippocampal slices in culture [22], and that this effect of
the drug was through disinhibition of PP-2A activity [6] which we previously showed to be
down regulated in AD brain [12]. Based on our finding on the restoration of the PP-2A activity
by memantine, Gunnarrsson et al. [15] investigated and found a significant decrease in
phosphotau level in the CSF of patients one year after treatment with memantine.

In conclusion, because of the involvement of different etiopathogenic mechanisms in AD, the
identification of different subgroups of this single major cause of age-associated dementia is
critical for development of potent and specific drugs that can prevent and cure this disease.
Currently, several hundred drugs for AD are under development by the pharmaceutical
industry. Stratification of the test subjects in clinical trials by disease subgroups may increase
the chance of success up to several fold. For instance, in a 24-week randomized clinical trial
of rosiglitazone maleate which increases brain glucose, APOE4 non-carriers but not APOE,4
carriers were found to show clinical improvement. The future of therapeutic drugs for AD may
depend on recognition of different subgroups of the disease.
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Fig. 1.

A schematic showing different major steps of the “Metabolic/Signal Transduction
Hypothesis”. AD and other tauopathies require a genetic predisposition and are triggered by a
variety of environmental factors, affecting one or more specific signal transduction pathways
which result in a protein phosphorylation/dephosphorylation imbalance and the abnormal
hyperphosphorylation of tau that leads to neurofibrillary degeneration and dementia. In AD,
the protein phosphorylation/dephosphorylation imbalance in the affected neurons is generated
at least in part by a decrease in the activities of tau phosphatases, i.e., PP-2A and PP-1; the
activities of tau kinases such as cdk5, GSK-3, CaM kinase 11 and PKA might also be increased
in the affected neurons. This protein phosphorylation/dephosphorylation imbalance probably
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involves an alteration of a specific signal transduction pathway(s) produced by an increase in
the levels of an extracellular signal, e.g., FGF2 or an alteration in the molecular topology of
the neuronal cell membrane or both. With age, the molecular topology of the cell membranes
is altered due to a decrease in membrane fluidity. The mutations in transmembrane proteins,
such as ASPP, PS1 and PS2, increase the vulnerability of the cell membrane to alteration in
pathological signal transduction. The increased risk for AD in the carriers of APOE, allele as
opposed to APOE, or APOEj; alleles might also involve alteration of signal transduction
through the interaction of APOE,4 with the neuronal cell membrane. Any mutation or
posttranslational modification of tau that will make it a better substrate for abnormal
hyperphosphorylation will also increase the risk for the disease. High cholesterol might be
involved in decreasing membrane fluidity. Decreased glucose metabolism/uptake might lead
to the abnormal hyperphosphorylation of tau through a decrease in its O-GIcNAcylation. RTK,
receptor tyrosine kinase; NMDAR, NMDA receptor; GFR, growth factor receptor; G-PR, G-
protein receptor; P-Tau, phosphorylated Tau.
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Fig. 2.

Three-dimensional representation of the five AD subgroups (Clusters 1, 3, 4, 5 and 6) and the
controls (Cluster 2). (Reproduced with permission from Igbal et al., 2005, Annals of Neurology,
58, 748-757.)
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Fig. 3.

Decision tree for identifying various subgroups of Alzheimer's disease based on CSF levels of
ubiquitin, Af1—42 and tau. (Reproduced with permission from Igbal et al., 2005, Annals of

Neurology, 58, 748—757.)
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